Industrial building is regarded as a kind of independent building type that stems from the second half of the 19th century. Its main task is to provide good working conditions for the production process and the workers in it. For a long time, people have been keeping a pursuit and exploration for better industrial building environments. On the one hand, as an 'old problem', the design of industrial building environment control has accompanied with the industrial revolution. On the other hand, with the constant development of the industry, the expansion of industrial building scale and the improvement of building technology, new challenges have been put forward on the industrial environment. What's more, since the main attention was on worker's health and safety, thus, a higher demand was set on indoor thermal conditions and air quality for these industrial occupational environments. In recent decades, numerous research works have been conducted on building environment control; however, these research targets are mainly focused on civil buildings. With respect to the environmental control of industrial buildings, many researchers and designers have devoted a lot to research theoretically and practically, but there are still many problems that have not been fully studied and resolved. We discuss some problems of industrial buildings environmental control on fundamental research and design practice and propose some suggestions for other researchers to consider to resolve these issues.
Differences in fundamental research on environmental control between industrial and civil buildings
There are distinct differences between industrial buildings and civil buildings in terms of building type, indoor sources and control demand. Figure 1 shows a typical industrial building environment.
1 Some significant differences exist between industrial buildings and civil buildings:
Building type
Generally, industrial buildings are mostly built with steel structure and steel-concrete structure, which is different from most civil buildings. Meanwhile, the material and thermal performance of industrial buildings' envelope are different from that of civil buildings. For example, in a larger scale steel plant, the main structure and building envelope are required to be highly temperature resistant. Nevertheless, for plant with acid-base sources and high relative humidity, the main structure and building envelope would need to be corrosion resistant. Besides, industrial buildings with large inner space are mostly designed as single storey or low-rise structure due to the huge production facilities of huge numbers and big volumes products. For instance, Boeing's Everett factory covers an area of 398,000 m 2 , which is equivalent to that of 56 standard football fields, with a building volume of 13.3 million m 3 , i.e. 4.76 times the size of the British O2 stadium, making it the world's largest individual industrial building. 2 There are obvious differences between industrial and civil buildings with respect to the shape coefficient (the ratio of surface area to volume of a building), leading to the way of heat and mass transfer of industrial buildings under certain atmospheric conditions which are different from that of civil buildings. At the same time, the roof type of industrial buildings also differs widely with that of civil buildings. With single-storey or low-rise structure, the industrial buildings have much larger roof area than civil buildings in the premise of same covered area. What's more, the skylights are often provided on the roof for ventilation and lighting, and these would in turn impose extremely high standard requirements for architectural consideration for drainage, waterproofing and thermal insulation.
Indoor sources
There are various sources that can generate waste heat, surplus humidity and contaminants in industrial buildings, of which the contaminant emissions may be 10 times higher than found in civil buildings. However, only small differences in contaminants' exposure limits are given in industrial standards in comparison to standards given for civil buildings. 3 In civil buildings, main heat sources include human bodies, electronic devices and lighting devices, while main pollution sources are from human activities. Both of these are to a large extent less harmful than occupational exposure to high intensity heat sources and pollution in industrial buildings. Due to differences caused by sources, environmental control methods for industrial buildings could vary greatly compared with that for civil buildings. For example, there are high intensity heat sources in heat treatment plants. The skylight with large opening set on the roof for these kinds of plants would produce the buoyancy-driven ventilation. Thus, natural ventilation would be the most important method for environmental control and energy saving for this type of building. 4 However, the buoyancy-driven ventilation in most cases cannot be integrated into civil buildings because the ventilation opening with large height difference would not be necessary in these types of buildings. Meanwhile, due to the existence of various pollution sources in industrial buildings, local ventilation would be an important method for environmental control. However, in civil buildings, local ventilation is seldom applied except for fume exhaust in kitchen. 5 
Control demand
The indoor environment control of industrial building needs to give consideration to both the production process and workers' health and safety, whereas the purpose of environment control in civil buildings would mainly satisfy the health and well-being requirements of residents. There are many forms of industrial buildings, for instance, clean plants with high requirements on temperature and humidity and general plants that produce waste heat and some other pollutants; labourintensive processing plants and high-level automation plants; totally enclosed plants and open plants. According to different needs of production processes, the demand of industrial building environment control on indoor environmental parameters such as temperature, humidity, cleanliness, airflow velocity, etc. would vary greatly and may even require several orders of magnitude, much higher than that would be required in civil buildings. In addition, there are also great differences between industrial and civil buildings on human demand. In civil buildings, the main consideration is to create a comfortable environment for occupants, while in industrial buildings, the main consideration is to create an acceptable work environment. Therefore, the difference in environmental control demand for these two kinds of buildings demonstrates not only in their control index but also in evaluation index. Specifically, due to low labour intensity in civil buildings, the human comfort index such as defined by PMV 6 or SET 7 would be the main evaluation index. However, since workers in industrial buildings could experience high labour intensity, the evaluation of indoor thermal environment is mainly with an aim to reduce impact on human health, such as various kinds of thermal stress indices used for evaluation of health and safety exposure in workplaces. [8] [9] [10] [11] Thus, there exists a great difference in environmental control between industrial and civil buildings due to their different control demand requirements.
At present, in the research field of building environment control, many results are only applicable to civil buildings, but no clear distinction has been defined by these findings. In this case, since some of these research conclusions are not applied to suitable building type, some researchers did not realize that those conclusions might not be applicable to industrial buildings. As a result, some design methods and parameters may not be suitable for industrial buildings in the design practice. For example,when conducting thermal performance design of building envelope, we give more consideration to thermal insulation for civil buildings in cold areas. However, for industrial buildings, excessive pursuit of building thermal insulation would probably neither improve the indoor environment nor save energy, but may, conversely, deteriorate the indoor environment. This is because when there are high intensity heat sources in the industrial plant, the heat dissipation through building envelop is needed all year round during production, no matter in summer or in winter. Meanwhile, for plants with high ventilation rate, the heat transfer in the ventilation is dominant whereas that of envelope would account for a little proportion of heat generated. Therefore, for research on the thermal performance of the envelope of industrial building, these situations should be taken into full consideration.
In conclusion, many obtained results in the field of civil architecture should not be applied directly to research on environmental control of industrial buildings, although many experiences and techniques applied on civil building environmental control have been concluded already. We believe target research according to the actual situation of industrial buildings' environment is necessary. At the same time, researchers should clearly put forward their own research background and predict possible scope of application in related research. Up to now, the awareness of building environment control should not just focus on the control of civil buildings' environment and the implication of findings should definitely be considered in the researcher's mind.
Refined design on industrial building environmental control
In the field of building environment control, the study of industrial building environmental control began earlier than studies of civil buildings. The earliest airconditioning, for example, was used to serve the textile industry. The research on industrial building environment had led to the non-science to science development of building environment. In the past 100 years, people have established a relatively complete technical system in the field of industrial building control. However, various new problems have emerged with the development of industry and architecture, which cannot be solved by the existing technology. In addition, because of the increasing awareness of environmental protection, the emission standards of industrial buildings have been established more strictly, and requirements of working environment becomes increasingly higher than before. For example, the American Conference of Governmental Industrial Hygienists (ACGIH) proposed new guidelines for airborne exposure to manganese welding fume in 2013, namely an 8-h timeweighted average threshold limit value (TWA-TLV) of 0.02 mg/m 3 , 12 which is an order of magnitude lower than their former standard. Therefore, the existing environmental control of industrial building is facing many challenges, and the design level of environmental control must be improved. At this time, more refined design is required for the industrial building environment control, which can be achieved by the following two aspects.
Break through the 'design specifications' and focus on non-typical work condition based on the actual physical phenomenon. During the environmental design of industrial buildings, some possible problems on environmental control may arise due to the diverse demand, complicated forms as well as rigid limitations. Thus, designers are required to understand thoroughly on many aspects such as heat transfer in high heat flux, multiphase fluid flow, pollutant characteristics, transient and steady state problems on the theoretical level. Generally speaking, there are two kinds of design methods: performance design and specification design. 13 The performance design is more scientific and precise in theory. However, since there is a lack of adequate understanding and application data with respect to emission pattern, emission amount and exposure limit of contaminants, etc., the design according to specifications is always preferentially adopted in most cases, which is developed out of the specific physical model and only be employed to calculate parameters of environmental control based on statistically empirical formulas and coefficients obtained from typical cases. 14 At the same time, in order to reduce the risk and to ensure attainment of design safety, the final design results are often multiplied by a large safety coefficient. As known to all, the empirical formulas and coefficients used in the design law are also derived from successful engineering practices and scientific research, which have been proven effective in typical cases. However, in actual industrial production process, there are a lot of non-typical conditions. Sometimes no adequate space is provided for an exhaust hood or excessive airflow velocity is not allowed in the plant, etc. Meanwhile, due to great difference in these processes, the waste heat, surplus humidity and contaminants emission amount cannot be tested precisely. Besides, the empirical formula and coefficients have not been revised in time, making them not applicable in the changing production conditions. All of those above cases would reduce the accuracy and efficiency of environmental control design for industrial buildings. Consequently, the traditional 'Specification design' would lead to various problems such as high energy consumption and low efficiency because of irrational design methods, high energy consumption caused by too large safety coefficients, poor control performance due to unreasonable design parameters, etc. We believe we need to increase our level of knowledge from 'rules of thumb' to a more rigorous scientific procedure based on validated data and design methods. 3 Give more consideration on the connection between buildings and between environments. The industrial building design is based on production process and in conjunction with civil engineering, building service engineering such as for water, gas and electricity supply, ventilation provision and other types of engineering; thus, the professional boundaries could be formed clearly. During the design process, the general layout is carried out by the general plan and transportation; then, each engineering service would focus on the technological design of single building in their respective professional areas; finally, all buildings are connected in series. Most modern industrial production requires good cooperation of multiple processes. Taking vehicle manufacturing as an example, a complete assembly line is needed, including stamping, welding, painting and final assembly. For large-scale production plants with complex functions, it is often necessary to set a large number of accessory buildings surrounding the main building and connected by certain channels due to needs of water, electricity, air, gas, machine repair, storage and other professional requirements. During the current design practice, the main focus and attention would be on the need to accomplish environmental design inside an independent plant, while little consideration would be given to the connection between buildings and between environments, respectively. This may cause many adverse consequences in the overall design practice.
Firstly, with respect to service function, the ventilation and lighting of the main plant could be severely affected by accessory buildings of intensive layout, due to the fact that too much emphasis was given on approaching the loading centre and thus shortening the pipe line during the design of accessory buildings. For example, in the thermal processing plant, natural ventilation inlets of the main plant are often restricted by the surrounding accessory buildings to a great extent, causing poor ventilation airflow distribution and insufficient ventilation, which could seriously worsen the indoor environment.
Secondly, the break of heat and mass balance in original design by connection among industrial building environments is usually ignored. Since the design of industrial buildings is often completed in stages and independently, thus, the demand of environment for each plant is different. The performance of environment systems could be deteriorated and cause the disordered motion of waste heat, surplus humidity and pollutants if full consideration is not given to connections among industrial environment. 15 For example, a local exhaust system with large exhaust rate is set to capture the local pollutants, but there is not enough makeup air to balance the loss of air inside the building; in this case, the air from other plants would flow to this plant, causing excessive velocity of local airflow and random diffusion of pollutants.
In conclusion, the implementation of design codes and manuals for civil buildings is not recommended for the industrial building environmental design. Correspondingly, the refined design should be advocated, which should be based on the physical phenomenon and full consideration on non-typical conditions relevant for the purpose of the particular industrial building. The priority of environmental control should be orderly listed as: from source control to regional control, then to room control, and finally extending to environmental control among buildings. Meanwhile, for large space industrial buildings, multispan buildings and places with complex airflow, we encourage designers to use numerical simulation method 16 and model experiments 17 for early prediction of the effect on environmental control, as prediction results could help to make adjustment and improve design practice. Nowadays, there have been many fast fluid dynamics methods, which are very suitable for engineering application. The early prediction is still necessary, although the numerical simulation and model experiments may cost a lot in time and labour, which is far less than the reconstruction cost caused by the unreasonable design after completion.
